Soluble, rigid-rod organometallic polymers trans-͓-Pt(PBu 3 n ) 2 -CwC-R-CwC-͔ ϱ ͑Rvbithienyl 2, terthienyl 3͒ have been synthesized in good yields by the CuI-catalyzed dehydrohalogenation reaction of trans-͓Pt(PBu 3 n ) 2 Cl 2 ͔ with one equivalent of the diterminal alkynyl oligothiophenes H-CwC-R-CwC-H in CH 2 Cl 2 / i Pr 2 NH at room temperature. We report the thermal properties, and the optical absorption, photoluminescence, and photocurrent action spectra of 1 ͑trans-͓ -Pt(PBu 3 n ) 2 -CwC-R-CwC-͔ ϱ , Rvthienyl͒, 2 and 3 as a function of the number of thiophene rings within the bridging ligand. With increasing thiophene content, the optical gap is reduced and the vibronic structure of the singlet emission changes toward that typical for oligothiophenes. We also find the intersystem crossing from the singlet excited state to the triplet excited state to become reduced, while the singlet-triplet energy gap remains unaltered. The latter implies that, in these systems, the T 1 triplet excited state is extended over several thiophene rings. The photoconducting properties do not depend on the size of the thiophene fragment. We discuss and compare our results with studies on oligothiophenes and related organometallic polymers.
I. INTRODUCTION
Conjugated polymers are attracting increasing attention as low-cost ready-processed organic semiconductor materials with possible applications in light-emitting diodes, 1 lasers, 2 and photocells. 3 For commercial exploitation of these materials and for direct application-aimed synthesis, a thorough understanding of the relationship between chemical and electronic structure is necessary. In organometallic conjugated polymers, mixing can occur between the metal and ligand orbitals. Thus, the -conjugation of the ligand is preserved through the metal. [4] [5] [6] The presence of the heavy metal enhances spin-orbit coupling, so that emission from the triplet excited state, i.e., phosphorescence, can be detected easily. 4 Another attractive feature of this class of materials is that there is scope for chemical modification of the ligands. For these two reasons organometallic conjugated polymers provide suitable model systems to investigate the relationship between chemical structure and the evolution of singlet and triplet excited states. 4, 6, 7 The latter play significant roles in light emitting diodes 8 and photocells. 9, 10 Here we have investigated the dependence of the first excited singlet and triplet electronic state on the number of thiophene units in the conjugated bridging ligand. By increasing the thiophene fragment ͑Fig. 1͒, we expect to increase -conjugation in the ligand without changing the nature of the aromatic ring, in contrast to some of our earlier work.
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II. EXPERIMENT A. Synthesis and polymerization
All reactions were performed under an inert nitrogen atmosphere using standard Schlenk techniques. Solvents were predried and distilled before use by standard procedures.
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All chemicals, except where stated otherwise, were obtained from commercial sources and used without further purification. The compound Me 3 SiCwCH was obtained from the preparation laboratory in the Department of Chemistry, Cambridge. The platinum complex trans-͓Pt(PBu 3 n ) 2 Cl 2 ͔ was prepared by the literature method. 12 NMR spectra were recorded on a Bruker WM-250 spectrometer in appropriate solvents. 31 P͕ 1 H͖ NMR and 1 H NMR spectra were referenced to external trimethylphosphite and solvent resonances, respectively. Infrared spectra were recorded as CH 2 Cl 2 solutions, in a NaCl cell, on a Perkin-Elmer 1710 Fourier Transform IR spectrometer. Microanalyses were performed in the Department of Chemistry. UV/VIS absorption spectra were obtained with a Perkin-Elmer Lambda UV/NIR spectrometer. Column chromatography was performed on alumina ͑Brockman Grade II-III͒.
The preparations of the ligand precursors, 5,5Ј-di͑ethynyl͒-2,2Ј-bithiophene ͑A͒ and 5,5Љ-di͑ethynyl͒-2,2Ј:5Ј,2Љ-terthiophene ͑B͒,
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and trans-͓ -Pt(PBu 3 n ) 2 -CwC-Th-CwC-͔ ϱ (1) 7 have been reported recently ͑Scheme 1͒:
A general synthetic route, 14, 15 by dehydrohalogenation reaction, to the polymeric species is shown in Scheme 2: 
B. Molecular weight measurements
Molar masses were determined by Gel Permeation Chromatography ͑GPC͒ using two PL Gel 30 cm, 5m mixed C columns at 30°C running in THF at 1 cm 
C. Optical measurements
The polymer films for optical measurements were spincoated from dichloromethane solutions onto quartz substrates. The optical absorption was measured with a PerkinElmer -9 spectrometer. Excitation for the photoluminescence studies was provided by the 457 nm line ͑for 2 and 3͒ and UV lines ͑353-364 nm͒ ͑for 1͒ of an Ar ϩ laser. The emission spectra were recorded using a spectrograph with an optical fiber input and a CCD ͑charge coupled diffraction͒ parallel detection system ͑Oriel Instaspec IV͒. For the low temperature luminescence measurements the samples were mounted in a continuous flow helium cryostat.
D. Photocurrent measurements
Sandwich-type photocells in a layer structure of Au/1/ Al, ITO/2/Al, and ITO/3/Al ͑ITOϭindium-tin oxide͒ were fabricated as reported elsewhere. 16 The typical thickness of the film was about 350 nm ͑1 and 2͒ and 150 nm ͑3͒, and the active area of the devices, defined by the overlap of the ITO or gold electrode with the aluminum electrode, was about 4 mm bias voltage to the device and to monitor the current flowing through it. All measurements were taken at room temperature. To correct the photocurrent spectra for the spectral response of the illuminating system, the device was replaced by a silicon photodiode. All of the measurements were taken in air at room temperature immediately after fabrication.
E. Thermal analysis
Thermal analysis ͑differential thermal analysis, DTA, and thermogravimetry/derivative thermogravimetry, TG/ DTG͒ of 2 and 3 was performed simultaneously in a Stanton-Redcroft model STA-780 Simultaneous Thermal Analyzer under flowing N 2 . Sample sizes were 1-2 milligram in open Inconel crucibles. Samples were redissolved in CH 2 Cl 2 that evaporated to form a film. Samples were then immediately heated at 10°C/min from 15 to 540°C.
III. RESULTS AND DISCUSSION
A. Chemical characterization
The results of a systematic characterization of polymer 2 and 3 by analytical methods ͑IR, 1 H, and 31 P NMR͒, molecular weight determination, and UV/VIS spectroscopy are shown in Table I . The weight-average molecular weights (M w ) indicate a high degree of polymerization. The numberaverage molecular weight (M n ) values of 2 and 3 correspond to 69 and 72 repeating units per chain, respectively. The IR and NMR spectral features of 2 and 3 are consistent with the polymer structures shown above and are similar to other platinum arylene-acetylide polymers previously reported. [17] [18] [19] The IR spectra of the polymers display a single sharp CwC absorption at ca. 2087 cm Ϫ1 ͑2͒ and 2086 cm Ϫ1 ͑3͒, which together with the singlet signal observed in each 31 P NMR spectrum reveal a trans configuration of the ligands around Pt II ͑-CwC-͒ 2 moieties in these squareplanar polymeric species. The CwC stretching frequency for the polymeric complexes 2 and 3 ͑av 2087 cm Ϫ1 ͒ is 15 wave numbers lower than for the free ligand precursors A and B ͑2102 cm Ϫ1 ͒, 13 indicating a higher degree of conjugation in the former.
B. Absorption spectroscopy
Optical absorption spectra were taken in CH 2 Cl 2 solutions ͑Table II͒ and in thin films ͑Fig. 2͒. From Table II , the following trends can be observed: ͑i͒ The energy of the optical gap ͑i.e., the onset of absorption͒ of polymers decreases with increasing number of thiophene units ͑Row 1͒. We attribute this to an increased delocalization of -electrons along the polymer backbone. We note that as the number of thiophene units increases, the overall effect on the band gap decreases, and there would probably be little benefit in increasing the number of thiophene units above three.
͑ii͒ Introducing a platinum fragment at each end of the ligands lowers the energies of the transition ͑compare Row 3 with Row 2͒. In the same way, the transition energies of the ; molarity is based on the repeating unit͒ is given in parentheses. polymers are lowered compared to the corresponding dimers ͑Row 1 and 3͒. This shows that the -conjugation of the ligands extends into and through the metal center, consistent with our previous results on related systems. 6 We note that, in contrast, the optical gap increases when introducing trimethylsilyl at the end of the ligands ͑Row 2 and 4͒. The latter is produced as an intermediate product during the synthesis route. Figure 2 shows the solid state absorption spectra of polymers 1-3 up to 6 eV. It is interesting to note that, in general, not only the optical gap shifts with thiophene fragment, but the whole spectrum shifts, including the higher-lying transitions. Figure 3 shows the room temperature photoluminescence spectra for polymers 1-3. The emission features are shifted to lower energy with the increasing length of the thiophene segment, analogous to the absorption spectra. We attribute the features peaking at 2.85 eV, 2.44 eV, and 2.28 eV for polymers 1, 2, and 3 to emission from singlet excited state ͑fluorescence͒, due to the small energy shift between absorption and emission features. We note that the singlet S 0 ↔S 1 transition involves the mixed ligand-metal orbitals, as shown above and discussed in more detail in Refs. 4-6. Without detailed calculations it is difficult to estimate whether the character of this transition is dominated by the intraligand HOMO-LUMO -* transition, as found for related polymers where the thiophene units are replaced by a benzene ring, 6 namely ͓ -Pt͑PBu 3 ͒ 2 -CwC-p -C 6 H 4 -CwC-͔ n , or whether this transition has a predominant charge-transfer type character, as observed for the corresponding related monomer ͑Ph͒Pt͑PBu 3 ͒ 2 -CwC-p -C 6 H 4 -CwC-Pt͑PBu 3 ͒ 2 ͑Ph͒ 6 and other platinum ͑II͒ acetylide complexes. 10, [20] [21] [22] The broad feature between 1.6 eV and 2.2 eV in the emission spectrum of 1 is due to emission from a triplet excited state ͑phospho-rescence͒. This assignment is discussed below on the basis of the temperature dependence of the emission data. For 2, there is a weak shoulder centered at about 1.67 eV, which we also attribute to a triplet emission, i.e., an emission from the triplet excited state. There is no room temperature triplet emission for 3 over the measured range ͑1.2-3.0 eV͒.
C. Photoluminescence spectroscopy
We identify the emission feature in 1 peaking at 2.05 eV as a triplet emission for the following reasons: First, this emission is strongly temperature dependent in contrast to the singlet emission ͑Fig. 4͒. From 180 K to 16 K, the singlet emission peak increases by a factor of 2.4, while the lowerlying emission increases by a factor of 19.4. This increase of emission intensity indicates a long-living excited state that is quenched by thermally activated diffusion to dissociation sites. Second, for similar systems such as ͓ -Pt͑PBu 3 ͒ 2 -CwC-p -C 6 H 4 -CwC-͔ n , we also found a higher-lying singlet emission ͑at 3.2 eV͒ and a lower-lying, clearly identified triplet emission ͑at 2.4 eV͒. 4 The latter is also reduced by a factor of about 20 when going from 20 K to 180 K and was found to have a lifetime of 30 s at 10 K. 17 Figure 5 shows the emission spectra at 18 K for polymers 1-3, together with the first absorption feature for comparison. In 2 and 3, the origin of the features at 1.67 eV and 1.53 eV, respectively, is not immediately obvious ͓Fig. 5͑b͒ and 5͑c͔͒. We consider that these emission features have the same origin as the emission in 1 at 2.05 eV, namely a triplet state: They are energetically close-in fact, they all lie at 0.80-0.88 eV below the singlet emission ͑Fig. 6͒-and a sudden disappearance of the triplet emission when going from 1 to 2 would be unlikely. Also, origins such as an excimer state or d-d transitions appear even more unlikely to us.
There are two unusual features that need attention before assigning these emissions to triplet emissions: ͑1͒ The intensity of this suspected triplet emission decreases rapidly with increasing number of thiophene units. We rationalize this by the following factors: ͑i͒ Increasing the number of thiophene rings in the ligand reduces the influence of the heavy metal center which is mainly responsible for the intersystem crossing. ͑ii͒ In oligothiophene systems themselves, intersystem crossing ͑and thus phosphorescence͒ is reduced with increasing number of thiophene units, as the energy of the singlet excited state drops below the corresponding resonance state for intersystem crossing in those systems.
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͑2͒
The energy of the triplet emission shifts ͑Fig. 6͒ when adding more thiophene rings in the ligand ͑from 2.05 eV to 1.53 eV for 1-3, ⌬Eϭ0.52 eV͒. This is in contrast to the similar position (⌬Eр0.03 eV) of the triplet emission in polymers and corresponding monomers of ͓ -Pt͑PBu 3 ͒ 2 -CwC-R-CwC-͔ n with Rϭphenyl, pyridine or thiophene. 6, 7 Thus in systems studied here, the triplet excited state must be extended over several thiophene rings ͑i.e., 3 or more͒, while in those systems 6, 7 the triplet excited state is confined to the aromatic ring only. When comparing these two systems, it is important to be aware that here we increase the conjugation length within the ligand, while in those systems 6, 7 the effect of increasing the number of repeat unit is studied. This raises the question of whether the triplet excited state is confined onto the cyclic ring or whether it is confined between the two rigid ethylenic units. If only one ring is considered, 6 these two cases are identical. Follow-up experiments will investigate this in further detail.
This shift of triplet emission energy observed in 1-3 agrees well with the calculations by Beljonne et al. on the evolution of the triplet excitation energy in purely organic oligothiophene systems PT n ͑where PTϭoligothiophene and nϭ2 -6͒. 23, 24 We experimentally find energy shifts of 0.38 eV (1˜2) and 0.15 eV (2˜3). They report a energy shift of 0.14 eV for PT 2 eral rings. We note that Cornil et al. discuss the triplet excited states in oligothiophenes as being confined. 23 This arises because the evolution of triplet excitation energy in oligothiophenes is weak relative to the change in the singlet excitation energy.
We find an almost parallel development of singlet and triplet transition energies here with increasing the number of thiophene unit in the ligand, which is in contrast to the reduction of the singlet-triplet energy gap in oligothiophenes with increasing number of thiophene rings. In our thiophenecontaining poly-ynes, the singlet emission shifts by only 0.17 eV from 2 to 3, while in the oligothiophenes, this emission shifts by 0.6 eV from PT 2 to PT 3 , according to the calculations. 23, 24 We consider that in PT 2 and PT 3 , the singlet is spatially confined by the length of the oligomer, so that the excitation is ''squeezed in a box.'' In contrast, in 2 and 3, the singlet excitation can spread out over the ethylenic units into and through the metal centers so as to occupy its ''favored'' length along the polymer chain. This explains why the singlet excited state in 2 is at only 2.55 eV while in PT 2 it is calculated to be at 4.2 eV, 23, 24 and also why increasing the number of thiophenes within the ligand does not have such a dramatic effect on the singlet excitation energy than increasing the repeat unit in oligthiophenes from nϭ2 to nϭ3. As a result, the singlet-triplet energy gap remains nearly constant. Figure 7 shows the singlet emission for polymer 1-3 with the peak emission normalized to unity on the ordinate and with the energy of first peak set to 0 eV on the abscissa. The vibronic sidepeaks display different intensities in polymer 1-3. For 1, the main intensity of the transition occurs for the first vibronic peak; for 2, the third vibronic peak has already acquired a large contribution; and for 3 the third vibronic peak is the dominant transition. In other words, with increasing number of thiophene units the excited state geometry differs more from the ground state geometry and the shape of the emission moves away from the typical ͓ -Pt͑PBu 3 ͒ 2 -CwC-R-CwC-͔ n emission 4, 7 to an oligothiophene shape. 25 According to Beljonne et al., 6 the ethylenic units are rigid with respect to photoexcitations, so that most of the relaxations must occur on the aromatic ring between the ethylenic units. We consider that this is easier for a larger number of aromatic rings.
In polymer 3, evidence emerges for another electronic transition located at 2.12 eV for 17 K, i.e., at about 0.34 eV below the first transition, from the evolution of the vibronic sidepeaks with temperature ͑Fig. 8͒. First, this peak shifts its energetic position by 0.05 eV to lower energy with decreasing temperature in contrast to the other peaks, which shift by only 0.01 eV. Second, for temperatures of 160 K and higher, the vibronic substructure ͑e.g., peaks 1, 2 and 4͒ disappears and the fluorescence is dominated by the vibronic transition at 2.26 eV and the transition at 2.12 eV ͑at 17 K͒. This is similar to the observation of a different electronic transition in the phosphorescence signal of the polymer ͓ -Pt͑PBu 3 ͒ 2 -CwC-p -C 6 H 4 -CwC-͔ n 4,26 and the monomer ͑Ph͒Pt͑PBu 3 ͒ 2 -CwC-p -C 6 H 4 -CwC-Pt ͑PBu 3 ͒ 2 ͑Ph͒, 10 in each case about 0.25 eV below the first peak. In a manner analogous to Fig. 8 , this transition contributes to 60% of the phosphorescence signal at room tem- FIG. 7 . Singlet emission for polymers 1-3 with the peak emission normalized to unity on the ordinate and with the energy of the first peak set to 0 eV on the abscissa. Numbers are used to label different peaks rather than to assign vibronic transitions. perature ͑but only 12% to the emission at 18 K͒. 26 Graham, Wittmann, and co-workers speculate on interchain interactions as source for this additional transition. Figure 9 shows the photocurrent quantum yields as a function of the photon energy in short-circuit mode for illumination through the ITO or gold electrode for polymers 1, 2, and 3. The photocurrent spectra of the Au/1/Al, ITO/2/Al, and ITO/3/Al photocells show two peaks, one at the onset of absorption ͓2.92 ͑1͒, 2.64 ͑2͒, and 2.43 eV ͑3͔͒ and one at higher photon energies ͓3.81 ͑1͒, 3.56 ͑2͒, and 3.38 eV ͑3͔͒. This is consistent with the UV photocurrent spectra reported for poly͑p-phenylenevinylene͒ 27 and for platinum poly-yne derivatives containing a thieno-pyrazine ring. 10 Based on comparison with those materials, which have been characterized further into the UV region where they exhibit further photocurrent peaks, we tentatively interpret the second photocurrent peak as caused by absorption into the higher-lying absorption bands. Full discussion of these higher-lying peaks is beyond the range of this paper. 10, 27 The position of the first photocurrent peak at the onset of absorption is determined by factors such as the internal filter effect 16, 28, 29 ͑i.e., the tradeoff between the amount and the position of light absorbed in the device͒ and increased charge separation at low energy sites. 30 All three materials show a short-circuit quantum efficiency of about 0.04% at the first photocurrent peak, which is a common value for single layer devices. There is no difference in quantum efficiency with variation of the thiophene content in the polymer. The quantum efficiency of the second peak is different for 1, 2, and 3 and is very sensitive to air exposure. In all three polymers the overall photocurrent increases when exposed to air and is reduced after annealing under vacuum. This process can be cycled reversibly, although the timescales for absorption and desorption of air decrease with repetition. All three materials show a low energy tail which is enhanced by exposure to air in a different manner to the photocurrent at and above the band gap. 31 We consider this tail might be due to subgap absorption of defect states. 31 The 
D. Photocurrent measurements
E. Thermal analysis
All samples exhibited mass loss due to decomposition beginning slightly above their glass transitions. Figure 10 shows the simultaneous DTA/TG/DTG data for 2. The behavior is qualitatively different from trans͓Pt(PBu 3 n ) 2 -CwC-R-CwC-͔ ϱ ͑Rϭphenyl or substituted phenyl͒. The DTA peak which accompanies the mass loss is endothermic in the thienyl polymers, not exothermic as in the phenyl analogues. 32 It also occurs at somewhat higher temperatures than the DTG peak, whereas the two peaks coincided closely in the phenyl analogues. A minor endotherm was also present in 2 at 227°C; similar endotherms were observed in phenyl analogues. Decomposition onset was defined as a mass loss of 2%. The results are shown in Table  III .
IV. SUMMARY
In order to extend our previous studies on the nature of photoexcited states in organometallic conjugated polymers as a function of -conjugation in the bridging ligand, we synthesized the platinum poly-ynes ͓ -Pt(PBu 3 n ) 2 -CwC-R-CwC-͔ ϱ with Rϭbithienyl, terthienyl, and compared them with ͓ -Pt(PBu 3 n ) 2 -CwC-R-CwC-͔ ϱ where Rϭthienyl. We assigned emission features to the first excited singlet and triplet state and discussed their energetic position and the intensity of intersystem crossing in comparison to related platinum poly-ynes and oligothiophenes. We consider that these results contribute to the understanding of the relationship between chemical structure and electronic structure in both organic and organometallic conjugated polymers. 
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